This study examined the evolution of columnar-basalt structures using simple laboratory experiments and numerical simulation in double-diffusive finger system. Effect of various parameters like Prandtl and Rayleigh numbers has been considered in the study. Columnar-basalts are geological formations observed in some of the ponded basalt-lava found at many parts of the world. They are prismatic rock joints having polygonal cross-section with straight edges and parallel faces. The typical cross-sectional dimensions vary from few centimeters to meter size and typical height from 30-50 meters. Hence the aspect ratio of the columnar-basalt in most cases is greater than 100. The limitations for the evolution of columnar basalts provided in the literature have been discussed. An order of magnitude analysis has been presented for the thickness of the unstable layer at the interface. In this paper, we demonstrate that the double diffusive finger convection system can produce features similar to those observed in columnar basalt and can serve as an alternative, plausible explanation for the evolution of columnar basalt structure.
Introduction
Double diffusive convection has fascinated many researchers over the years because of its wide application in the various fields of astrophysics, chemistry, geology, metallurgy, meteorology, oceanography, growth of semiconductor crystals (Schmitt, 1983; Huppert and Sparks, 1984; Platten and Legros 1984) . Columnar joints are spectacular geological phenomena observed in many parts of the world and are formed by solidification of the basaltic lava. Columnar structures have straight edges and parallel faces, they generally have polygonal cross-section with typical dimension varying from few centimeters to meters size. The column height is much larger than their cross sectional size, typical aspect ratio of 100 is common. In Figure 1 , we show some of the famous columnar-basaltic structures found around the world. Columnar joints are rarely seen in thin lava flows and are common in thick flows ponded in depressions (Kantha, 1981) . Gravity is an important factor since most of the columnar joints have their longer axis parallel to the gravity vector. In many places well-developed columnar structures (colonnade) are sandwiched between two irregular, fractured columnar regions with variety of shapes (entablature). Any model proposed for explaining columnar basalt evolution should reproduce the observed high aspect ratio and sandwich configuration in these structures. In most of the cases composition is uniform across the section of a column, but there are exceptions in which both color and the composition vary across the cross section of a column (Kantha, 1981) . Another important feature of the columnar-basalt structure is the rarity of its occurrence across the globe. Sosman (1916) proposed that hexagonal structures in columnar basalt are caused by convection cells (similar to the one observed in B nard-convection) in the molten lava before solidification. Sosman's model was based on experiments with wax and oil in a flat dish. This model cannot be accepted as an explanation for the evolution of columnar-basalt structures since the aspect ratio for the Benard-convection-cell is around one, which is much lower than that observed in columnar-basalt. Spry (1962) suggested that molten lava contracts as it solidifies and cracks form due to thermal stresses. There are many experimental studies on stress induced fragmentation, for example, Groisman and Kaplan (1994) , Muller (1998) , Shorlin et al. (2000) , and Pauchard (2003) . In this set of experiments, researchers study the formation of polygonal cracks when slurry is desiccated. Main observations from these experiments are (a) width and the number of sides of the polygonal crack depends on the layer thickness, (b) morphology and the crack pattern depend on crack nucleation sites, and (c) width also depends on physical properties of the slurry. Pauchard et al. (2003) showed that in a homogeneous medium crack pattern tend to be irregular whereas a medium with coarse-grains would produce regular "columnar cracks".
These experimental studies indicate following limitations of the Spry's model for explaining the evolution of columnar basalt structures. From the experimental results of Pauchard et al. (2003) , in a brittle and continuous material like basalt, cracks are unlikely to produce regular structures as observed in the columnar basalt. Secondly, Muller's experiments do not relate physical properties of the basalt and the observed size of the columnar-basalt, which could then explain rarity of columnar basalt structures among many basaltic lava flows around the world. Spry's model does not explain the unique "fluid-like" shapes in the entablature. Finally, in directional crack propagation experiments, crack first appears from the surface and propagates into the medium, this will not explain observed sandwich configuration of columnar basalts. Kantha (1980 Kantha ( , 1981 has argued that the slender, finger-like convection cells formed in a double diffusive system could represent columnar-basalt. Convection in a double diffusive system is due to the diffusion of two components having different molecular diffusivities (e.g. heat and salt) with opposing contributions to the vertical density distribution in a fluid medium. In a two-layer double diffusive system (Figure 3a) , when the top layer has an excess concentration of a heavier species (with a smaller diffusion coefficient than the heat) and hotter than the bottom layer, long finger like convection cells will evolve. These convection cells, due to their slender shape, are known as double diffusive fingers (DDF). Cross sectional shapes of these fingers are polygons (Shirtcliffe and Turner, 1970) and the aspect ratio is high. The importance of double diffusive convection in geological processes has been highlighted by many investigators (Turner, 1979; Griffiths, 1986; Huppert and Sparks, 1984; and Kerr et. al., 1989) . The role of double diffusive finger convection in the evolution of columnar-basalt has not been studied much so far.
If lava flows into a region and is topped by another batch of lava after some time, which has a higher temperature and is richer in the concentration of a heavier species than the bottom layer, then the interaction between these two batches of lava can produce double diffusive fingers. Kantha (1980 Kantha ( , 1981 highlighted many morphological similarities between DDF and columnar basalt structures. Some of the important similarities between these structures are (a) high aspect ratio in the DDF and columnar basalt, (b) polygonal cross sectional shapes and (c) sandwich configuration with chaotic structure in the entablature and columnar structure in the colonnade with similarities to DDF morphology in salt-heat two-layer experiments. Based on these similarities he speculated that double-diffusive convection in the molten lava pool could have generated basalt-fingers. The grain boundaries between the rising and falling legs of the basalt finger-convection cells could have served as natural path for crack propagation in the solidified lava. Kantha was unable to show how a DDF with a typical cross-sectional dimension of 1-2 mm in the laboratory heat-salt experiments can scale up to 10-80 cm as observed in columnar basalt. One of the relevant factors that would contribute to the increase in the cross sectional dimension of a DDF is the high viscosity of lava. Kantha conducted double-diffusive experiments with glycerin-water mixture as the working medium and salt and sugar as two diffusing components to demonstrate the effect of viscosity on the finger width. However, for the reasons, which will be stated in the later part of this paper, his experiment did not show a marked effect of viscosity on the width of the fingers. Hence the DDF as a possible mechanism for the formation of columnar basalt has not been proven so far.
In this paper we present results from experiments (section 2) and numerical simulations (section 3) to demonstrate the possibility of getting thick fingers, similar to columnar basalt structures, using high viscosity fluids. Results and discussions are presented in section 4. An order of magnitude estimates for the density differences that are needed in the double-diffusive columnar basalts evolution has been presented. Conclusions are presented in section 5.
Experimental procedure and results
We carried out a series of laboratory experiments to study the effect of viscosity on the double-diffusive finger evolution. Experiments were performed in a transparent, glass tank having glass walls (5mm thick). The inner dimension of the tank was 19cm × 19cm × 19cm. An air gap of 5mm was provided around all the sides (for insulation) by placing an outer glass tank. We performed the experiments in a thermo-haline double diffusive system (heat and salt as two diffusing components in water). Sodium carboxy-methyl cellulose (CMC) powder was used for enhancing the viscosity of the water, CMC will increases the viscosity of the water without affecting other properties (Davaille, 1999) . The concentration of CMC in the solution was varied from 0.05% to 0.5% CMC by weight.
Flow visualization is useful technique to qualitatively and quantitatively study finger convection. We used a non-intrusive visualization technique in which a water-soluble fluorescent dye is used as a scalar flow marker. In this work, fluorescein sodium dye is added to the upper layer fluid and, then, made to fluoresce by passing a sheet of light through the one plane of the tank (see Figure 2 ). The flow field was illuminated by a thin sheet of light obtained by passing a focused 250 watts slide projection light beam through a slit. The slit was made by placing two sharp-edged blades side by side in a slide holder. The effective width of the light sheet was 2-3 mm at the focused position and this was found to produce acceptable light levels and contrast. Once the initial step like state was established (Figure 3a) , the initially static system was allowed to evolve. We recorded the evolution of convection using a 35mm high-resolution camera. All the photographs of vertical cross-section of the finger structures were taken from a direction normal to the light sheet.
Two snapshots of the vertical cross-section of the double diffusive system are given in Figure 3(b, c) . Figure 3b shows the condition just after the establishment of the two layer double diffusive system and Figure 3c provides a snapshot after the development of salt fingers. The remarkable features of this experiment (at high viscosity) with pure water heat/salt or salt /sugar experiments are (i) complete absence of horizontal convection in adjoining layers and (ii) evolution of thick and regularly spaced fingers. These salt fingers penetrate all through the reservoirs keeping their structure intact until they reach the bottom plate of the setup. We observed from the series of experiments conducted with different viscosity fluids that, a high aspect ratio, thick finger can be generated for a double-diffusive system in a fluid having high viscosity.
Numerical model
In this section we examine the effect of fluid viscosity (or Prandtl number, Pr) and other parameters on the width of the DDF using two-dimensional numerical simulations. The faster diffusing component (denoted as T) and slower diffusing component (denoted as S) govern the convection phenomenon where density is influenced by both the components. Density of the fluid,
, where 0  is the reference density; T  and S  are the volumetric expansion coefficients for temperature and concentration. Non-dimensional governing equations for momentum transport, energy and species with continuity has the following form (refer to Turner, 1979; Shen and Veronis, 1997) and they were solved numerically by Patankar's (1980) finite volume method.
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The important dimensionless governing parameters that emerges from the above equations are thermal Rayleigh number (Ra T ), salinity Rayleigh number (Ra S ), Prandtl number (Pr) and Schmidt number (Sc) and density stability ratio R 0 and they are defined as,
and R  is defined as / T S R Ra Ra   ; k T and k S are the thermal and salt diffusivity; g is the acceleration due to gravity and  is the kinematic viscosity of the fluid, H is the total height of the computational domain. T  and S  are the temperature and concentration difference between the top and bottom layers. The boundary and initial conditions are same as that in laboratory experiments presented above. The fingers form at the interface due to diffusion of heat. The computational domain was discretized into small control volumes. The set of non-dimensional governing equations (1) through (4) are integrated over each control volume. The finite volume method and Semi Implicit Method for Pressure-Linked Equations (SIMPLER) algorithm (Patankar, 1980 ) is used for the discretization and solutions of these equations. The equations were split with the use of Alternate Direction Implicit (ADI) method and solutions are obtained by marching in time. -8 for residuals of the u, v and T was achieved at the high and the low Rayleigh numbers respectively. Detailed validation with experiments and published literature has been reported by Singh (2006) and Sreenivas et al., (2003 Sreenivas et al., ( , 2009 ).
Results and discussion
There is a wide separation in the time scales for the diffusion of the species and the momentum (Sc~1000); similarly between the diffusion length scale and the size of the physical domain. Due to these reasons, equations are stiff and are computationally expensive. Hence, while studying the effect of viscosity () on the width of the finger, we have carried out the simulations only up to the time when fingers are just developed at the interface. Effect of viscosity on the width of the fingers is shown in , the number of fingers (N f ), observed in the unit width of the computational domain, are 102, 28 and 14 respectively. N f is inversely proportional to the width of fingers. We find that finger width is proportional to  (1/3) . This result suggests that fingers get thicker and thicker as the fluid viscosity is increased. Thicker fingers also develop into a high aspect ratio, lengthy fingers as they can maintain their driving force due to the larger width and reduced mixing (due to high viscosity). The trend is similar to the one observed in our experiments. In Figure 5 , we present a snapshot of well-developed fingers from our simulation. It clearly demonstrates the evolution of slender and ordered finger structures which are sandwiched between two convective layers similar to colonnades sandwiched between entablature in columnar basalts. It is to be noted that waviness and tilt in the fingers is due to the dynamic interactions between the neighboring fingers, which is generally seen in the columnar basalt structures.
where, Ra C is a constant (~ 650), ν is the kinematic viscosity of lava,  is the density of lava and   is the initial density difference between the top and the bottom layers of lava. The width of the columnar basalt will be proportional to  (proportionality constant being order of one). Now, width of the columnar basalt can be estimated based on the lava properties. Conversely, we can give an order of magnitude estimate for the density difference between adjacent columns, based on the width of the columnar basalt and lava properties. In Figure 6 , we present the contours of the constant width columnar basalt as a function of viscosity and   . Figure 6 was obtained by assuming thermal diffusivity, k T , of lava as 10 -7 m 2 /s (which is a typical value). The figure indicates that a columnar basalt having a width of 0.6 m, formed in lava which is 5 4 10  (ν = 0.4 m 2 /s) times more viscous than water will have an extremely small density contrast between neighboring columns.
Due to lack of field evidences on the evolution of columnar basalts, a number of theories have been proposed on the scaling (Reiter et al. 1987, Grossenbacher and McDuffie, 1995) and ordering (Budkewitsch and Robin, 1994, Jagla and Rojo, 2002) (6) considers lava properties like viscosity, thermal diffusivity and density variation due to both high temperature and concentration. Further, scale selection in double-diffusive finger system is innate and it is determined by these properties (Sreenivas et al. 2009 ). In essence, this could provide a clue on why different scales of basalt fingers with uncanny degree of orderliness have been observed across the world.
Conclusions
In this paper we demonstrated that convection cells of high aspect ratio can develop, which are similar to the columnar basalt structures under suitable conditions. When two layers of lava, from two eruptions, form a double diffusive system in the finger-regime, high viscosity of lava becomes crucial factor in the evolution of thick basalt-fingers having high aspect ratio. Observations presented here from laboratory experiments and numerical simulations indicate that cell-width is directly proportional to the one-third power of lava viscosity and hence at high viscosity the finger thickness can be quite large. The order of magnitude analysis also suggests that the cell-width would be larger for smaller density differences between two layers. When the molten lava solidifies, the finger boundaries become a natural path for crack propagation and hence evolve into a long columnar basaltic structure. Therefore, the double-diffusive finger model can easily explain the high aspect ratio and polygonal shape of columnar basalt. Both the experimental and the numerical model are successful in explaining the observed large aspect ratio and sandwich configuration of the columnar basalt-structures. These structures can only evolve where special condition of two layer double diffusive finger convection system is satisfied. Thus, only few basaltic lava flows satisfying this condition can develop into columnar structures, and is not a default formation in all basaltic-lava flows. This explains rarity of observation of columnar joints only in limited geographical locations. 
